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ABSTRACT 
 
Linear Time-History Analysis (LTHA) is employed as EC8-compliant design method for a regular 
12-storey archetype Reinforced Concrete (RC) regular Moment Resisting Frame (MRF) including 
structural features typically not included such as stairs and considering different ground motions 
selection options. Firstly, a suite of seven pairs of spectrum-compatible ground motions from the 
European Strong Motion Database is used; secondly, the spectral-matching procedure for three 
pairs of ground motions suggested by the recent FEMA P-1050/2015 is adopted. The critical aspect 
is to find a balanced compromise between control of variability in the suite of ground motions, 
better suiting design purposes, without losing the opportunity to capture, at the design stage, part 
of the record-to-record variability in far-field and near-field conditions. 
Eurocodes are currently in the phase of review for a second-generation release; this study aims to 
deal with the gap in the code related to the possibility of designing structures through LTHA. 
The study employs a new definition of the Eurocode 8 behavior factor (i.e., strength reduction 
factor) for force-based approaches. Results of this study point to a paradigm shift in design towards 
a direct performance-based approach at design-stage. Preliminary comparisons suggest that a 
balance between the close spectral matching of FEMA P-1050/2015 and the current selection 
procedure of EC8 should be found for LTHA. 
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 Linear Time-History Analysis (LTHA) is employed as EC8-compliant design method for a regular 
12-storey archetype Reinforced Concrete (RC) regular Moment Resisting Frame (MRF) including 
structural features typically not included such as stairs and considering different ground motions 
selection options. Firstly, a suite of seven pairs of spectrum-compatible ground motions from the 
European Strong Motion Database is used; secondly, the spectral-matching procedure for three pairs 
of ground motions suggested by the recent FEMA P-1050/2015 is adopted. The critical aspect is to 
find a balanced compromise between control of variability in the suite of ground motions, better 
suiting design purposes, without losing the opportunity to capture, at the design stage, part of the 
record-to-record variability in far-field and near-field conditions. 
 Eurocodes are currently in the phase of review for a second-generation release; this study aims to 
deal with the gap in the code related to the possibility of designing structures through LTHA. 
 The study employs a new definition of the Eurocode 8 behavior factor (i.e., strength reduction 
factor) for force-based approaches. Results of this study point to a paradigm shift in design towards 
a direct performance-based approach at design-stage. Preliminary comparisons suggest that a 
balance between the close spectral matching of FEMA P-1050/2015 and the current selection 
procedure of EC8 should be found for LTHA. 
 
 
Introduction 
 
Linear Time-History Analysis (LTHA) can represent a simple tool for practitioners within the 
Performance-Based Earthquake Engineering (PBEE) framework, overcoming typical obstacles 
due to the complexity of nonlinear models and approximate assumptions typical of linear analyses 
(i.e., modal combination rule, one degree-of-freedom analogy, etc.) [1]. 
 
The input is characterized by accelerometric waveforms resulting by seismic input 
selection. So, it is possible to account for the interaction between the vibration modes of the 
structure with the typical frequency of earthquakes [2]. The nonlinear version of this analysis is 
the so-called Nonlinear Time-History Analysis (NTHA) in which the nonlinearity is explicitly 
accounted for in the model. NTHA is the most rigorous analysis method. Notwithstanding the 
growth in computer processing power, NTHA is still time-consuming and it needs an appropriate 
choice of the ground motions, analytical model and acceptance criteria [3;4]. Contrarily, Nonlinear 
Static Analysis (NSA), also known as Static Pushover Analysis, is less demanding than NTHA 
and it is nowadays implemented using various approaches in the majority of commercial software 
packages. However, NSA is not consistently reliable in the case of multi-storey buildings [5], 
therefore the current professional practice can be improved for both new and existing structures. 
Also, nonlinear analyses are not generally conceived to be used at design stages so a balanced 
compromise between accuracy of structural response evaluation and simplicity of design 
procedure for all the possible practical cases (i.e., high-rise, low-rise, regular and irregular 
structures) is needed. 
 
Some current design codes, excluding Eurocode 8 (EC8), consider LTHA as an option 
amongst the seismic methods of analysis and some indications are now provided for LTHA design. 
Recently, a new LTHA procedure for design [6] has been approved for inclusion in the FEMA P-
1050/2015 [7] and ASCE/SEI 7-16 [8]. In the last two codes, the response spectrum matching 
method, based on the non-uniform wavelet-based spectral matching of ground motions with 
respect to the target spectrum (i.e., code-base spectrum), is explicitly suggested for the input 
selection, so that LTHA can be used as an alternative to the Response Spectrum Analysis (RSA), 
with the principal benefit that signs of response effects are preserved and without asking for 
extensive and time-consuming record selections. 
 
In this preliminary study, a new procedure for design according to EC8 is proposed and 
differences with respect to the FEMA P-1050/2015 are analyzed for the case of a 3D 12-storey 
regular Reinforced Concrete (RC) Moment Resisting Frame (MRF) building modelled in 
OpenSees [9]. Such procedure is proposed as an improvement of the current design practice which 
is based on RSA as reference method (with particular reference to the case of high-rise structures 
where higher-modes effect can lead to significant differences with respect to the RSA [10]). In the 
proposed procedure, the input is selected considering unscaled real ground motions which are well-
known to lead to a real seismic response even if very dispersed. This would allow to consider 
specific situations such as Near-Fault ground motions and fault-rupture directivity. Finally, some 
relevant aspects such as the application of the behavior factor, P-Delta effects and time-history 
components combination are discussed. 
 
EC8-Design of the Benchmark Structure 
 
The benchmark structure considered is a 3D 12-storey regular RC-MRF building, located in 
Pettino, L’Aquila (Italy), and designed through RSA with respect to the Ductility Class High 
(DCH) prescriptions according to EC8 [11] and EC2 [12], including the specifications of the Italian 
National Annexes. More details about geometry and materials can be found in [1]. For Life Safety 
Limit State (LS-LS), the Italian National Annexes suggest that the elastic UHS with 10% 
probability of exceedance of 50 years (Return Period, 
RT  = 475 years) must be converted into a 
design spectrum through the employment of a behavior factor, in this case q  = 5.85 for dissipative 
behavior and regular structural configuration. The benchmark building accounts for some aspects 
like the presence of staircase, maximum number of storeys for ordinary concrete classes, relevant 
influence of higher-modes of vibration and significant P-Delta effects.  
 
Ground motions selection for time-history analyses 
 
In RSA, the peak value of the generic mode contribution to the response can be obtained from the 
Uniform Hazard Spectrum (UHS); subsequently, the peak value of the total response is obtained 
by combination of the peak modal responses and assuming that peaks are all attained at the same 
time instants. There are different modal combination rules, but the wider applicable rule is the 
Complete Quadratic Combination (CQC). Contrarily, LTHA needs a proper selection of ground 
motions that has to be spectrum-compatible with the UHS. Basically, the record-to-record 
variability needs to be accounted for in different way according to the final goal of the analysis 
[13-15]; being fundamental for the estimation of the probability of failure but allowed to be 
reduced for mean response estimation. 
 
It is recognized that LTHA cannot be expected to predict the behavior of systems meant to show 
a nonlinear behavior, and as such it is merely a tool to be used for design. As it is shown later, 
FEMA P-1050/2015 just requires that a suite of a minimum of three ground motions have to be 
considered and non-uniformly scaled to get the matching with the UHS. This is aimed at 
developing a response history procedure that uses a very close input with respect to the 
conventional RSA. 
 
More in general, there are two main approaches for record scaling: (i) amplitude scaling 
and (ii) spectral matching. In (i), the ground motion is multiplied by a constant scale factor so that 
the respective pseudo-acceleration response spectrum and the UHS coincide at a specific period 
of vibration (generally the fundamental period of the structure), or such that the average of the 
scaled components from a suite of earthquakes closely matches (within some tolerance) the UHS 
in a specific range of periods of interest. If the same scale factor is applied to the components of 
the same earthquake belonging to the suite of earthquakes, the frequency characteristics of the 
original earthquake are preserved. Experience has shown that not many ground motions are 
necessary to get the matching with the UHS but an elevated number of them should be used if the 
record-to-record variability needs to be controlled. The mismatch between the average of the suite 
and the target spectrum can be quantified by the Root-Mean-Square-Error (RMSE) as shown in 
Eq.(1), where ,avg iSa  and ,UHS iSa  are the pseudo-accelerations of the average response spectrum 
and the UHS at the ith period value and 
pn  is the number of periods in the specific range of periods 
of interest. 
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In (ii), the original ground motion is non-uniformly scaled, by using Fourier transforms or 
wavelets for example, such that the pseudo-acceleration response spectrum of the matched record 
closely matches the shape of the target spectrum. It results in a reasonable variation in response 
among earthquakes of a suite of ground motions. Experience has shown that three pairs of ground 
motions can provide satisfactory results if the envelope response is considered. 
 
Another important aspect is related to the fact that many codes do not explicitly account 
for shapes of UHS suitable for pulse-like motions as well. It is well-know that most of the energy 
in a pulse motion is released in one or two cycles of the velocity-time series and often it produces 
a high spectral demand at longer periods than ordinary motions [16]. In these cases, it is important 
to simulate a structural response which implicitly accounts for pulse-like motion effects. 
 
Table 1 summarizes the input selection approaches for EC8 and FEMA P-1050/2015. The 
current version of EC8, issued in 2004, does not explicitly distinguish ground motion selection for 
LTHA and NTHA. Actually, LTHA is not explicitly mentioned amongst the possible methods of 
seismic analysis; therefore, the few available indications provided about the ground motions 
selection are generally referred to NTHA. 
 Table 1.     Comparison between EC8 and FEMA P-1050 provisions on input selection. 
 
Requirement EC8 FEMAP-1050/2015 
Structural 
model 
2D and/or 3D 
(swap of the two horizontal motion 
components is required). 
3D 
(swap of the two horizontal motion 
components is required). 
Number of 
ground 
motions 
Minimum of 3 and 
 if < 7 the envelope of the 
responses should be used as 
design value; 
 if ≥ 7 the average of the responses 
should be used as design value. 
 
 3 only and the envelope of the 
responses should be used as 
design value, if spectral matching 
is utilized; 
 differently, not less than 11. 
 
Matching 
tolerance 
The average spectrum should not be 
less than 90% of the elastic UHS in 
the range of periods  1 10.2 ;2T T  and 
the mean of the spectral acceleration 
at T =0 should be ≥ 
ga S  at the site. 
The average spectrum of the matched 
motions should not be less than 90% 
of the elastic spectrum in the range 
of periods 0.8 ;1.2lower upperT T   * and 
response spectrum matching is 
required. 
 
*
upperT and lowerT are the first-mode period of vibration ( 1T ) and the one required for the structural 
model to reach the 90% of modal mass participation in each orthogonal direction. 
  
Ground motion suites for the case study 
 
Real ground motions are easily available from most common ground motion databases such as the 
European Strong Motion Database (ESMD), the NGA West2, etc. They are also preferable 
compared to artificial and simulated ones, thanks to the real frequency content, the correct time 
correlation between the components and the realistic energetic content referred to seismological 
parameters. A suite of seven unscaled real motions is selected from the ESMD and to be spectrum-
compatible with the elastic UHS for LS-LS, through REXEL [17]. Such selection is the same 
considered in [1] and it matches the UHS between 10% lower and 30% upper tolerances over the 
period range of  0;4 s. The details on the record selected are reported in [1]. 
 
From this set, a sub-suite made by three pairs of ground motions is selected to be 
compatible with the FEMA P-1050/2015 provisions (in particular waveform IDs 196, 291 and 535 
in ESMD). Response spectrum matching is performed through the Spectrum Matching Toolkit 
[18]. A range of periods equal to  10 10.8 ;1.2T T  is considered adequate for the benchmark building 
to cover the higher-modes effects. Figure 1 shows the spectrum matching according to the EC8 
and FEMA P-1050. The RMSE for each pair of motions is calculated over the range of periods 
which effectively contribute in the analyses (see Table 2). These values are then compared with 
the results obtained from the LTHA analysis performed for the two suites of motions. 
 
 
(a) 
 
(b) 
Figure 1.    Matching of the response spectra for the considered ground motions suites: a) 7 pairs 
according to EC8 and b) 3 pairs according to FEMA P-1050/2015. 
 
Table 2.     Values of the Root-Mean-Square-Error (RMSE) for each component of the seven 
(EC8) and three (FEMA P-1050) pairs of the selected suites. 
 
RMSE – EC8 
Matching range 196 239 291 535 4673 6328 6334 
 10 1;T T  
0.6055 
0.2438 
0.3191 
0.3029 
0.2834 
0.2110 
0.2752 
0.4421 
0.2867 
0.4228 
0.4141 
0.3133 
0.1332 
0.3706 
RMSE – FEMA P-1050/2015 
Matching range 196* - 291* 535* - - - 
 10 1;T T  
0.0171 
0.0146 
- 
- 
0.0241 
0.0123 
0.0229 
0.0111 
- 
- 
- 
- 
- 
- 
 
Modelling description and proposed EC8 procedure for LTHA design 
 
In order to run an elevated number of THA and to perform an automatic post-process check of the 
analyses results, an in-house Matlab-OpenSees code is developed. The elastic model of the 
benchmark structure is built up using elasticBeamColumn elements which account of flexural 
stiffness reduction due to cracks (50% of flexural moment of inertia) and torsional constant value 
typical of rectangular cross section [19]. No shear deformability is accounted herein, contrarily to 
the model considered in [1]. Also, for the sake of modelling simplicity, the staircase beams are 
modelled through only diagonal beams in lieu of “classic” knee beams (i.e., multi-linear beams 
with two staggered horizontal ends connected by an inclined beam) [20], see Figure 2. Storey 
diaphragms are assigned to each floor. 
 
  
(a) (b) 
Figure 2.     Structural model of the benchmark building (a) XZ plane view (b) YZ plane view. 
 
The first ten modes are considered for the benchmark building to capture the higher-modes 
contributions on the total response. Table 3 reports the values of the first ten periods of vibration 
of the structure. 
 
Table 3.     Periods of vibration of the benchmark building. 
 
Mode 1 2 3 4 5 6 7 8 9 10 
T [s] 1.31 1.19 1.13 0.47 0.40 0.40 0.27 0.23 0.22 0.19 
 
Damping model 
 
The viscous damping matrix is built up in compliance with FEMA P-1050/2015 provisions 
employing superposition of modal damping matrices which completely eliminates the “spurious” 
damping forces developed by Rayleigh damping model in NTHA as shown in [21]. In the case of 
LTHA the difference between the two methods is attributable to the assumption in Rayleigh model 
of user-defined damping ratios for only two periods while the damping ratios at other periods 
depend on the mass and stiffness proportional constants. This may lead to a different response 
when higher modes are significant. A viscous damping ratio equal to 5% is adopted for each mode 
because it is equal to the damping used in the development of the RSA.  
 
Ground motions application and behavior factor 
 
Thanks to the linearity of the problem, each ground motion component can be applied 
independently in each horizontal direction X and Y. At this stage, the behavior factor q can be 
applied by dividing the ground motion by q as per Eq. (2), where ( )ae iS T  and ( )ad iS T  are the values 
of the spectral acceleration corresponding to Ti evaluated on the elastic and design UHS, 
respectively [1]. 
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The scaling factor is estimated to be equal to 1/4.86 = 0.206. For the selected EC8-
compliant suite of motions, the number of linear transient analyses to perform is equal to 2x2x7=28 
(2 horizontal components for each earthquake, 2 possible swaps along the horizontal directions X 
and Y, 7 pairs of ground motions). For the selected FEMA P-1050/2015-compliant suite of 
motions it results in 2x2x3=12 linear transient analyses to be performed (note that accidental 
eccentricity was not considered at this stage for the comparison). 
 
P-Delta effects 
 
P-Delta effects at LS-LS can be quantified from the unidirectional response of the structure 
through the evaluation of the interstorey drift sensitivity coefficient  . Contrarily to FEMA P-
1050/2015 for which this coefficient is evaluated through an additional static analysis, in our 
proposed procedure such coefficient can be evaluated in correspondence of the maximum 
displacement achieved over the time (amplified by q for the equal displacement rule when 
1 cT T  ) 
for each unidirectional response belonging to the same earthquake. One value equal to the 
maximum value between direction X and Y among the storeys is considered for each earthquake. 
Then the amplification factor can be applied a posteriori when performing the combinations of the 
unidirectional responses for each earthquake. The amplification factors evaluated for the two input 
selections are reported in Table 4. For RSA the corresponding value is equal to 1.14. 
 
Table 4.     Values of the amplification factor accounting for P-Delta effects. 
 
Suite of motions 196 239 291 535 4673 6328 6334 
EC8 1.12 1.00 1.12 1.12 1.11 1.11 1.12 
 196* - 291* 535* - - - 
FEMA P-1050 1.11 - 1.12 1.12 - - - 
 
Combination of the unidirectional time-history responses 
 
Once the unidirectional responses are obtained and modified to account of the P-Delta effects, they 
can be combined with the gravity loads in order to evaluate the most unfavorable effects (local 
forces, displacements, reactions, etc). For each earthquake (i.e., pair of records), this procedure 
results in eight possible combinations (±X±Y) of the horizontal motion components if accidental 
eccentricity is neglected. Accidental eccentricity accounting for multiple sources of torsion 
(unconsidered mass distributions, uncertainties related to actual strength and stiffness, spatial 
variations in the ground excitation, etc.) is not considered at this stage. If accidental eccentricity is 
accounted through the shift of the center of mass, according to FEMA P-1050/2015, it results in 
8x5 = 40 (4 shifted positions of the center of mass and one without shift) possible combinations. 
For each earthquake, the envelope of the effects from the combinations above mentioned, both in 
terms of maximum and minimum values, has to be evaluated. Once the envelope is evaluated for 
each earthquake, the procedure is different between FEMA P-1050/2015 and EC8: for the first 
these values are the design ones that need to be considered, while for the second these values need 
to be averaged in order to get the design ones. 
 Acceptance criteria 
 
One of the benefits of performing LTHA is the possibility to calculate Demand/Capacity (D/C) 
ratios of effects (bending moments, shears, interstorey drifts ratios) step by step for each 
combination by accounting of the real interaction between bending moments and axial force. 
According to the EC8 procedure proposed herein, the maximum value of D/C over the time is 
evaluated and enveloped among the earthquakes belonging to the same suite of ground motions. 
Subsequently, the average of the maximum values of D/C is evaluated and employed to double 
check the preliminary dimensioning. 
 
Performance Comparisons: RSA vs LTHA 
 
In this section a comparison between the design results for RSA and LTHA is shown. LTHA 
results are shown for the case of input selection carried out according to EC8 and FEMA P-
1050/2015. At this stage of the study, comparisons are shown for global response parameters: in 
terms of Storey Shears (SS) in Figure 4a and 3b and maximum Interstorey Drift Ratios (mIDR) in 
Figure 4a and 4b. 
 
For the EC8-compliant LTHA design, results are shown in terms of average (  ) and 
standard deviation ( ). The results in terms of SS do not provide any unexpected results being in 
analogy with the trend predictable on the basis of the RMSE. The mIDR results in X direction 
provide an example underestimation in the drift at mid-storeys when the FEMA P-1050/2015 
spectral matching procedure. 
 
  
(a) (b) 
 
Figure 3. Comparison of SS in (a) X and (b) Y direction for the considered 12-storey RC MRF 
archetype building. 
 
 
(a) 
 
(b) 
Figure 4. Comparison of mIDR in (a) X and (b) Y direction for the considered 12-storey RC 
MRF archetype building. 
 
Conclusions 
 
A new procedure for LTHA design according to EC8 is discussed. The current version of the EC8 
was issued in 2004 and does not explicitly include LTHA as an option for force-based linear 
analysis. Recently, a new procedure has been included in FEMA P-1050/2015 and ASCE/SEI 7-
16 which differs from the proposed one in some respects; such as input selection, behavior factor 
(or strength reduction factor) and P-Delta estimation. In this preliminary application, the 
conventional EC8 linear spectral scaling of seven pair of records is compared with spectral 
matching according to FEMA P-1050/2015. 
 
The results emphasize some of the cons of using a very close matching when displacement-
related quantities are of concern (e.g., mIDR); such us a lower response with respect to Response 
Spectrum Analysis results. On the other hand, the highly dispersed results of the EC8 approach 
need to be controlled with an ad hoc record-selection for Linear Time-History Analysis offering a 
reasonable compromise between accuracy for a preliminary estimation of record-to-record 
variability and effectiveness of design. 
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